Background. The development of drug resistance to nucleoside reverse transcriptase inhibitors (NRTIs) and nonnucleoside reverse transcriptase inhibitors (NNRTIs) has been associated with baseline human immunodeficiency virus (HIV)-1 RNA level (VL), CD4 cell counts (CD4), subtype, and treatment failure duration. This study describes drug resistance and levels of susceptibility after first-line virologic failure in individuals from Thailand, South Africa, India, Malawi, Tanzania.
Global access to antiretroviral therapy (ART) has increased rapidly in recent years, with more than 9.7 million infected individuals now receiving ART in resource-limited settings (RLS) [1] . ART can fail as a result of toxicity, transmitted drug resistance, inadequate medication adherence, or incomplete suppression of viral replication, resulting in the emergence of human immunodeficiency virus (HIV)-1 drug resistance [2] [3] [4] [5] [6] .
RLS treatment programs commonly rely on a nucleoside reverse transcriptase inhibitor (NRTI) backbone of either zidovudine (AZT) or stavudine (d4T) and lamivudine (3TC) or, more recently, tenofovir (TDF) combined with either nevirapine (NVP) or efavirenz (EFV) as first-line treatment. Depending on the country, firstline treatment failure is determined by clinical, immunological, and virological biomarkers or a combination of markers. Of the individuals who fail first-line treatment, between 75% and 90% of individuals who access a failing regimen have 1 or more drug-resistant mutations associated with NRTI and nonnucleoside reverse transcriptase inhibitors (NNRTIs) [7] [8] [9] [10] . The pattern of drug-resistance mutations observed are associated with specific drugs in the regimen, levels of adherence, HIV-1 RNA level (VL), CD4 cell counts (CD4), and the duration of treatment failure [7, 11, 12] .
There is currently only a partial understanding of patterns of HIV-1 drug resistance that occur with ART failure in developing countries, where VL testing is uncommon and treatment failure may be defined by clinical and immunological indicators only. In contrast to North America and Europe, drug-resistance testing is rarely available and the provision of second-line therapy is based on a public health approach that uses standardized regimens that are based on national guidelines and available drugs. Circulating subtypes are generally nonsubtype B [13] , where there is limited information about the activity of second-line boosted protease inhibitors, new second-generation NNRTIs, and TDF usage in either first-or second-line treatment. The optimal strategy for maintaining long-term virologic suppression with limited access to only 2 or at most 3 distinct ART regimens is a challenge to the sustainability of treatment in RLS. Identifying suppressive regimens for those who have failed first-line therapy is essential for maintaining the benefits of ART and the prevention of transmitted drug resistance.
HIV-1 drug-resistance testing at the time of virologic failure is the standard of care in developed countries but is not widely available in RLS. Nevertheless, estimated genotypic susceptibility after sustained failure of first-line regimens may guide the selection of alternative regimens and preserve future treatment options. Here, we present genotypic resistance data from 148 individuals who were failing first-line regimens in a RLS where nonsubtype B viruses, including C, CRF_01AE, A, and D, predominate.
METHODS

Study Design and Participants
AIDs Clinical Trial Group (ACTG) A5230 is a single-arm, open-label, multicenter, pilot study to evaluate the safety and efficacy associated with lopinavir/ritonavir (LPV/r) monotherapy in protease inhibitor-naive individuals failing an initial NNRTI-containing regimen [14] in Thailand (Chiang Mai University ACTG case reporting system [CRS]), South Africa (University of the Witwatersrand HIV CRS), India (Y.R. Gaitonde Centre for AIDS Research and Education VHS CRS), Malawi (Kamuzu Central Hospital, University of North Carolina Lilongwe CRS), and Tanzania (Kilimanjaro Christian Medical Centre CRS). Plasma samples from individuals with suspected failure (confirmed viral load >1000 cpm) of first-line ART screening for A5230 were tested for HIV-1 drug resistance. CD4 cell counts and VLs were available as part of the study at screening.
HIV-1 Drug-Resistance Testing and Subtyping
Population-based HIV drug-resistance testing was performed using the US Food and Drug Administration-approved ViroSeq HIV-1 Genotyping System (v.2.0), per manufacturer's instructions (Celera Diagnostics, Alameda, CA) in batches. Briefly, a 1.7-kb amplicon was generated by reverse transcriptase (RT)-initiated polymerase chain reaction encompassing the entire protease (PR) and partial RT. Sequencing was performed with an ABI Prism 3100-Avant genetic analyzer (Applied Biosystems, USA). Samples that could not be amplified by the ViroSeq kit primers were amplified using a locally developed method [15] . Sequences were analyzed using the ViroSeq v2.7 or Sequencer v4.8 software, and drug-resistance patterns in protease and RT were determined using the Stanford algorithm with the following scoring system: 0-9, susceptible; 10-14, potential lowlevel resistance; 15-29, low-level resistance; 30-59, intermediate resistance; and >60, high-level resistance. Mutations arising as a consequence of the "reversion" of T215F/Y thymidine analogue mutations (TAMs) were included in the analysis [16] .
Statistical Methods
Mutation associations with subtype, VL, CD4, site, and prior NNRTI usage were evaluated using Fisher exact and Kruskall-Wallis tests.
RESULTS
Of the 207 individuals screened for A5230, sequence data were available for 148 (Figure 1 ). Of the 59 samples that were not sequenced, 32 (64%) had VL <1000 copies/mL, 11 did not have samples available for sequencing, and the remaining 16 failed amplification or sequencing reactions. Most of the individuals without sequence data were from the clinical site in India, likely reflecting distinct prescreening characteristics.
The median age of the 148 individuals with sequence data included in the present analysis was 39 years (range, 22-60 years). The majority of individuals (59%) were female and black (72%). Most individuals (73%) were on an NVP-based regimen at the time of screening. Although NNRTI use varied across sites, the majority of individuals from South Africa and India were using EFV-based regimens. Seventy-nine of the individuals had received an NNRTI regimen for 3 or more years, 47 individuals for 1-3 years, and 13 individuals for longer than 1 year at time of screening. The median VL at time of screening was 4.4 log 10 copies/mL (first-third quartile, 3.9-4.9 copies/mL); 5 individuals with sequence results had VL < 1000 copies/mL. The median CD4 cell count was 155 cells/mm 3 World Health Organization (WHO) clinical failure based on a fall in CD4 count to nadir (or below) or a single CD4 level below 100 cells/mm³ at screening; 50% fall from ontreatment peak value and persistent CD4 < 100 cells/mm³ cannot be determined from the data available in the A5230 database. A fall in CD4 counts to pre-ART nadir or below could not be determined for 46 individuals; as a result, 30 individuals for whom WHO CD4 failure criteria could not be evaluated. Of the 148 individuals, the most prevalent subtype was subtype C (66%) followed by AE (18%), A1 (8%), and D (7%; Figure 1) ; these were linked to geographic regions. There was 1 circulating recombinant form (CRF_10) and 1 sequence for which the subtype could not be classified. No associations between number of mutations and level of resistance were observed by subtype (P = .92).
Of the 148 individuals, 93% (n = 138) and 96% (n = 142) had at least 1 RT mutation associated with NRTI and NNRTI resistance, respectively; no differences were observed by site (P = .29 and P = .58 for NRTI and NNRTI, respectively; Table 1A ). Only 2 individuals had major protease inhibitor (PI)-associated mutations that were linked to low-level resistance to LPV/r (L90M and V32I/M46L), 1 individual each from Malawi and Tanzania clinical sites.
One hundred thirty-eight individuals (93%) had reduced susceptibility to 3TC and FTC (Table 1B) . Resistance (defined as low, intermediate, or high) to AZT (49%), d4T (55%), ABC (63%), and didanosine (ddI) (56%) was common. The majority of individuals were fully susceptible to TDF (n = 85, 57%), with only a few demonstrating full resistance by the Stanford algorithm (n = 6, 4%); however, this was increased to 10% when the presence of K65R was interpreted as TDF resistant. The most frequent NRTI mutation was M184V/I (n = 128, 86%), followed by TAMs at codons 215 (31%), 67 (30%), 219 (29%), 70 (22%), and 41 (16%) and mutations at codon 65 (11%; Figure 2A ). Rare deletions in RT codons 66, 69, and 70 were identified in 12 individuals; these individuals had virus with subtypes A1, AE, C, D, and U.
The number of NRTI mutations was significantly associated with a higher VL (P < .001) and lower CD4 cell count (P < .001; Figure 3A and 3B). Samples with a VL >5 log 10 copies/mL at study enrollment had a median of 5 NRTI-associated mutations compared with a median of 2 for those with VL < 4 log 10 copies/ mL and 3 for those with VL between 4 and 5 log 10 copies/mL.
The distribution of the number of NRTI-associated resistance mutations differed across the sites (P < .001); the South African clinical site, where VL are routinely performed, had lower VL and fewer NRTI mutations ( Figure 3A) . Moreover, the NRTI resistance scores differed across sites (AZT, d4T, TDF, ddI, ABC, P < .001; 3TC, FTC, P = .06). Again, the highest NRTI susceptibility scores were observed at the South African clinical site ( Figure 3C ). Conversely, more complex resistance patterns (TAM, K65R, and Q151M) were observed at the 4 sites that do not routinely perform VL testing.
The median number of NNRTI mutations was 2.5 (firstthird quartile, 2-3), with no differences observed by site (P = .09; Table 1 ). The presence of NNRTI mutations was significantly associated with a higher VL (P = .003; Figure 3D ). However, 96% of the individuals were resistant to either EFV or NVP, and 32% were fully susceptible to etravirine (ETR) or rilpivirine (RPV). The most frequent mutations associated with reduced NNRTI susceptibility were at codon 181 (n = 64; 43%) and codon 103 (n = 66; 45%; Figure 2B ). ETR and RPV resistance was associated more frequently with previous NVP usage compared with EFV usage (P < .001; 60% vs 10%, with at least intermediate-level resistance; Table 2 ). Median (firstthird quartile) resistance scores for EFV, NVP, ETR, and RPV were 65 (50-90), 90 (65-120), 25 (5-35), and 25 (0-35), respectively (Table 2 ). Y181C was observed more frequently in NVPexposed individuals (53% [NVP], 8% [EFV]); K103N was observed more frequently in EFV-exposed individuals (32% [NVP], 63% [EFV]). A median of 2 mutations associated with ETR resistance and 1 associated with RPV resistance were observed. Sixty percent of individuals were classified as resistant (low-to high-level resistance) and 32% as fully susceptible to both ETR and RPV. Two individuals had low-level resistance to LPV/r, and the remaining individuals (99%) were fully susceptible to LPV/r. There were no associations between the LPV/r-associated mutations and polymorphisms observed between subtype (P = .07), site (P = .59), VL (P = .35), or CD4 cell count (P = .58).
DISCUSSION
This study describes the HIV-1 drug-resistance patterns associated with first-line regimen failures in 148 individuals screened for a study of LPR/r monotherapy after first-line treatment failure [14] . HIV-1 drug-resistance analysis showed that 138 individuals (93%) had at least 1 NRTI mutation and 142 individuals (96%) had at least 1 NNRTI mutation. The mutation profiles are similar to those that have been reported in similar populations with subtype A1, C, and D [18] , with more complex resistance profiles observed at sites that do not routinely use VL monitoring. The most frequent mutation observed was M184V/I followed by K103N and Y181C, which is similar to published resistance data from first-line regimen failures [7] [8] [9] [10] . Most individuals were highly resistant to many of the NRTI, presenting with more than 3 TAMs, K65R, or Q151M; this would have an impact on second-line nucleoside analog therapy options. However, the predicted NRTI susceptibility supports TDF as an NRTI for second-line therapy, with only 23% demonstrating mutations consistent with resistance (high and intermediate).
Candidates for enrollment at sites that did not routinely use VL monitoring had lower CD4 cell counts and higher VL at screening for A5230. Furthermore, at sites that did not routinely perform VL testing, the resistance patterns were more complex. This finding is similar to those reported in Bangkok, where it was found that individuals who had failure that was determined based on immunological rather than virological criteria had higher viral loads and a higher frequency of the multidrugresistant Q151M complex [19] . This accumulation of mutations was associated with the extent to which individuals remained on a failing drug regimen. The introduction of VL monitoring in RLS could facilitate faster switching if second-line regimens are available; a decrease in NRTI-and NNRTI-associated mutations; and an increase in the number of future ARV options for salvage therapy [20] , supporting the global drive to improve access to viral load testing [21] .
Ten percent of individuals had the K65R mutation, decreasing their susceptibility to TDF. No difference in K65R prevalence was observed among subtypes, although many participants were failing on a d4T-containing regimen. The observed frequency of K65R is thus consistent with other studies in RLS with infrequent monitoring [10, 22, 23] but lower than what was found in 1 study among subtype C individuals who were failing TDF (70%) [12] . In this cohort, more than 90% of individuals were no longer susceptible to cytidine analogue drugs, 3TC/FTC, commonly used in first-line regimens, and fewer than 50% of individuals were susceptible to NRTI commonly used in second-line regimens (AZT, 49%; ddI, 37%). However, because of the low frequency of K65R, TDF retained activity in 57%-77% of individuals.
Only 32% of individuals genotypes predicted full susceptibility to ETR and RPV. High-level ETR and RPV resistance was associated with Y181C in 42% of individuals. Studies have shown that NVP selects for the Y181C and G190A mutations; both lead to reduced ETR or RPV susceptibility [24, 25] . The K103N mutation is more likely to be associated with EFV failure and has little effect on ETR susceptibility. In this study, NVP was more commonly used in RLS, except in South Africa where EFV was used. A study in South Africa, where monitoring for both EFV and VL was used, found that only 10% of firstline failures were fully resistant to ETR [26] , similar to the results presented here. Furthermore, ETR resistance was more frequent in individuals who received NVP without VL monitoring for treatment failure.
If only 1 in 3 individuals who fail first-line regimens in this setting are fully susceptible to ETR and RPV, the utility of these agents as part of second-or third-line regimens is limited. The ACTG has a third-line study underway to determine the effectiveness of using ETR in future treatment regimens in RLS. If ETR and RPV are introduced into third-line or salvage regimens, it may be preferable to use EFV rather than NVP in first-line regimens. However, the genotypic resistance data for ETR and RPV presented here were determined using the scoring system from the DUET I and II studies [27] , which were predominately based on HIV-1 subtype B. Although there was a high level of ETR-and RPV-associated mutations, the effect of subtype-specific polymorphisms or changes in the RNase H and connection domains of these samples was not examined; therefore, phenotypic studies on these samples are planned.
Protease inhibitor-associated resistance mutations, particularly to LPV/r, were only observed in 2 individuals and thus classified as potential or low-level resistance. It is unlikely that these mutations, which were associated with low-level LPV/r resistance (L90M, M46L, and V32I), resulted from transmitted or acquired drug resistance. There is limited use of protease inhibitors in RLS and no evidence for LPV/r resistance, apart from a report of M46I, which is a subtype-associated polymorphism [28] . However, these 3 mutations have not been observed as naturally occurring polymorphisms in subtype C (where 1 L90M was observed) or A1 (where M46L and V32I were observed), and they are classified as transmitted drug-resistance mutations by the WHO [29] . Of note, the individual with L90M at screening rapidly failed LPV/r, with development of multiple PI mutations.
In conclusion, widely available RTI-based ART regimens have resulted in unprecedented access to care in RLS. However, the low genetic barrier and high-level resistance of NNRTIanchored regimens in the absence of frequent VL monitoring results in rapid accumulation of drug resistance mutations to NNRTI and NRTI drugs, which may limit future treatment options. The resistance mutations in nonsubtype B viruses are not dissimilar from those observed in subtype B, with some distinct features, including the prevalence of V106M and K65R and a higher frequency of the TAM-2 (D67N, K70R, T215F, T219Q/E) vs the TAM-1 pathway (M41L, L210W, T215Y). More frequent VL monitoring was associated with fewer RTI mutations. Implementation of VL monitoring could reduce the duration of exposure to a failing regimen and therefore retain enhanced options for future lines of therapy. A5230 study results indicate that LPV/r treatment alone successfully suppressed viremia for up to 48 weeks in nonsubtype B-infected individuals [14] . The continued susceptibility to TDF, despite the accumulation of NRTI mutations, provides additional options for intensification of boosted protease inhibitor treatment with TDF and TDF/FTC.
Notes
